Space geodesy data are used to verify whether plates move chaotically or rather follow a sort of tectonic mainstream. While independent lines of geological evidence support the existence of a global ordered flow of plate motions that is westerly polarized, the Terrestrial Reference Frame (TRF) presents limitations in describing absolute plate motions relative to the mantle. For these reasons we jointly estimated a new plate motions model and three different solutions of net lithospheric rotation. Considering the six major plate boundaries and variable source depths of the main Pacific hotspots, we adapted the TRF plate kinematics by global space geodesy to absolute plate motions models with respect to the mantle. All three reconstructions confirm (i) the tectonic mainstream and (ii) the net rotation of the lithosphere. We still do not know the precise trend of this tectonic flow and the velocity of the differential rotation. However, our results show that assuming faster Pacific motions, as the asthenospheric source of the hotspots would allow, the best lithospheric net rotation estimate is 13.4 ± 0.7 cm yr −1 . This superfast solution seems in contradiction with present knowledge on the lithosphere decoupling, but it matches remarkably better with the geological constraints than those retrieved with slower Pacific motion and net rotation estimates. Assuming faster Pacific motion, it is shown that all plates move orderly 'westward' along the tectonic mainstream at different velocities and the equator of the lithospheric net rotation lies inside the corresponding tectonic mainstream latitude band (≈ ±7
I N T RO D U C T I O N
A difficult task in geodynamics is the definition of a reference frame useful for the representation of plate motions, due to a number of kinematic uncertainties.
The most updated information on present plate motions is based on space geodesy data (Heflin et al. 2004) , where the rate of motions are essentially estimated from GPS continuous observations ( Fig. 1 ) in a NNR, as assumed by the International Terrestrial Reference Frame (ITRF2000) (Altamimi et al. 2002 (Altamimi et al. , 2003 .
These data largely confirm the NNR-NUVEL1 data set, the Nuvel1 in a NNR frame, based on past ocean floor magnetic anomalies and focal mechanisms (DeMets et al. 1990; Argus & Gordon 1991) , with a good match between past and present day plate motions (Stein 1993) ; therefore, it is assumed that present analysis is a good indicator of the main Cenozoic and Neozoic plate movements.
It is useful to recall that a Terrestrial Reference Frame (TRF) requires the definition of its scale, its origin and the orientation of the coordinate axes. The sensitivities of some techniques are better suited for observing certain aspects of the frame. For example, the scale of ITRF2000 is metric, depends on the speed of light because the observing sites and the targets in the space are linked by electromagnetic signals and has been established by a combination of VLBI and SLR results. The TRF origin may be sensed by geodetic techniques; this has been realized in the geocentre, well defined by SLR observations. However, TRF orientation cannot be sensed by any geodetic technique, so that it is conventionally defined at a starting epoch and its time evolution is ensured by imposing the NNR condition over the whole Earth. The orientation of ITRF2000 has been aligned with the preceding realization, ITRF97, and its orientation rate is defined, by convention, so that there is NNR of the frame with respect to the Earth's lithosphere. To do so, the ITRF2000 orientation rate is aligned to the geological tectonic model NNR-NUVEL1A (Argus & Gordon 1991; DeMets et al. 1994) . Clearly many of the geodetic sites are in plate boundary zones and thus were not used to specify the NNR condition. Sites whose velocities showed significant discrepancies with respect to NNR-NUVEL1A or with short observations were also removed from the rotational constraint. In practice, a subset of stations far from high deformation zones is selected to estimate the rotation parameters between ITRF and NNR-NUVEL1A velocities; finally, all site velocities have been rotated in the NNR-NUVEL1A system (Altamimi et al. 2002 (Altamimi et al. , 2003 . (Heflin et al. 2004 ) in a NNR frame (ITRF2000).
Since the NNR hypothesis is an arbitrary choice introduced in order to fix the rank deficiency proper of the positions estimation problem based on space geodesy observations, this information is able to describe only for relative plate motions (Dermanis 2001 (Dermanis , 2002 , whereas any absolute motion relative to the mantle is not accounted for.
On the other hand, it is worth noting that the global analysis of tectonic features such as transform faults, subduction zones and rifts can also contribute to the present and past plate motions description. Using the major tectonic features on Earth, the plates appear not moving randomly, but they rather follow an undulated sinusoidal flow (Doglioni 1990 (Doglioni , 1993 , with possible (second-order) subrotations (Cuffaro et al. 2004) . Moreover, plate motions are westerly polarized, the so-called net rotation or 'westward drift' (Le Pichon 1968; Bostrom 1971; O'Connell et al. 1991; Ricard et al. 1991) which can be evidenced both with respect to the Antarctica plate (Le Pichon 1968; Knopoff & Leeds 1972) as well as to the hotspot reference frame (HSRF) (Gordon 1995; Gripp & Gordon 2002) . The existence of a westward drift polarizing the sinusoidal flow is also supported by independent geological and geophysical evidences, such as the asymmetry of subduction and rift zones following or opposing the relative counter motion of the mantle (Doglioni et al. 1999 (Doglioni et al. , 2003 .
The main purpose of this paper is to propose a unified way to describe plate motions, overcoming the problems introduced by the NNR condition, taking into account that past and present plate kinematic analysis supports the existence of an ordered flow of plate motions which is polarized to the 'west' in the HSRF.
We propose an analytical description of the plate motions with respect to the underlying mantle, both accounting for relative plate kinematics inferred from space geodesy and first-order tectonic constraints. The concept of the tectonic mainstream is introduced (Section 2), and after a discussion on the westward drift of the lithosphere (Section 3), it is used to estimate plate motions and related global flow (Sections 4.1, 4.2 and 5).
T H E T E C T O N I C M A I N S T R E A M
In order to establish the geological constraints for the definition of the analytical model, let us consider the six major plate boundaries of Earth (Pacific-Nazca, Nazca-South America, South-AmericaAfrica, Africa-Arabia/India, Arabia/India-Eurasia, and EurasiaPacific) such as: the East Pacific Rise, the Mid-Atlantic ridge, and the Red Sea -Indian ridge, for extensional margins, and the western Pacific subduction zones, the western northern and southern Americas Cordilleras, and the Alpine-Himalayas system for convergent margins (Fig. 2) . In the extensional tectonic settings, we assume that transform faults are parallel to the relative plate motions, whereas in convergent settings, the relative plate motions are constrained by the dominant trend of folds and thrusts, where no significant transpressive tectonics occurs. Another prominent large scale plate boundary is the SW-Indian ridge which is not included in this present first-order analysis because it has very slow spreading rates and it is possibly related to the subrotations of Africa and Antarctica.
Starting from the Pacific WNW-ESE plate motion relative to the mantle and constrained by the Hawaiian and Society tracks, and moving ESE, the relative E-ward motion of the Nazca plate (in the NNR reference frame) can be transferred to an 'absolute' kinematic analysis. Continuing to the E, the motion of the Nazca plate relative to South America (Kendrick et al. 2003) , allows to refer the motion of the South America again to the Pacific and so on. The major plate boundaries can then be connected in a global circuit. In this way it appears that plate motions describe a flow, exemplified by an imaginary line (Fig. 2) , passing throughout all the major tectonic features of Earth.
This flow line crosses the EPR, where the rifting is about E-W, the Andean subduction (AS), the Middle Atlantic Ridge (MAR), again both almost E-W. Then the Red Sea and East Africa rift (RSEAR) open along the NE-SW trend, similarly to the Indian Ocean. The direction gradually moves to a NNE-SSW trend in Figure 2 . Construction of a tectonic mainstream, starting from the Pacific motion direction and linking all the other relative motions in a global circuit using first-order tectonic features such as the EPR (1), the Atlantic rift (2), the Red Sea, the Indian Ocean rift (3) for the rift zones, and the west Pacific subduction (4), the AS (5) and the Zagros-Himalayas Subduction and (6) for convergent margins . See text for description.
the Zagros-Himalayas (HimS) subduction zones. In Asia it rapidly turns to E-W and to NW-SE (Baikal rift, BR, and the Japan subduction, JS), eventually closing the circuit in the Pacific between the Hawaiian and Society Hotspots (HH) (Fig. 2) . The flow line can be envisaged only filtering the transtensive or transpressive tectonic settings. For example, the East Africa Rift is characterized by left-lateral transtension where crossed by the flow line. Left-lateral transpression, as another example, characterizes the tectonic setting along the Chaman transform zone of Afghanistan-Pakistan where the NE-SW trending line enters into the Zagros-Himalayas orogens.
The flow line is stable back to at least 47 Myr (before the HawaiiEmperor bending). However the Hawaii-Emperor bending has been shown not to be associated to a coeval rotation of the Pacific plate (Norton 1995). Moreover, apart minor oscillations, the flow seems to be stable since at least the Late Permian in the Atlantic rifting realm both in the earlier continental and later oceanic stages and along the Asian Cimmerides subduction zones. The trend inferred from these tectonic indicators is surprisingly coherent with the directions measured with space geodesy data in the NNR reference frame, apart in the MAR. However, when the net 'westward' rotation relative to the mantle is added, the match is more effective even in the MAR. Space geodesy data have been shown to be extremely comparable with past geological movements of the last million years (Stein 1993) .
T H E W E S T WA R D D R I F T O F T H E L I T H O S P H E R E A N D T H E H S R F
In spite of its proven and accepted existence, the westward drift of the lithosphere has been not fully understood so that its implications are far to be applied: as relevant example, plate kinematics and space geodesy reference frames are still anchored to the no-net-rotation hypothesis (e.g. Argus & Gordon 1991; Heflin et al. 2004) .
In particular, there still are doubts about (1) which is the engine of the westward drift, and (2) whether it affects the entire lithosphere or it is rather only a mean value, with most of the lithosphere moving 'west', but part of it still moving in the opposite direction relative to the mantle. According to this last opinion, only some plates would move westward, and since one of them is the Pacific plate, which is the largest and the fastest moving WNW-ward, the sum of all vectors would maintain a residual westward component, without a complete polarization (Ricard et al. 1991; Ranalli 2000) . Regardless its nature and speed, combined with the hotspots tracks, the westward drift indicates the existence of a decoupling surface between lithosphere and subasthenospheric mantle.
The depth and nature of the hotspots source can help to unravel the question. In fact, the present debate on the shallow or deep mantle origin of the hotspots ) has a number of kinematic consequences in the HSRF. The hotspots may have different origin and variable depth source (e.g. Courtillot et al. 2003) . For example some Atlantic hotspots have been interpreted as sourced from an asthenosphere richer in fluids, being in fact, cooler than other segments of the Mid-Atlantic Ridge, but wetter (Bonatti 1990) . Some other Pacific intraplate hotspots have rather been interpreted as related to the shear heating generated at the decoupling interface between lithosphere and asthenosphere (Doglioni et al. 2005) . Other shallow mechanisms that have been proposed are fissures or grabens in the lithosphere (Natland & Winterer 2005; ) but other segments of the scientific community still prefers to interpret hotspots as deep mantle features (e.g. Morgan 1971; Davies 1988) or intermediate sources (e.g. Ritsema & Allen 2003) . Therefore, magmatic trails or hotspots tracks at the surface could have different origins and depth source, although they are still often erroneously mixed together or considered as a single system. However, to the aim of this research, the depth of the hotspots and the screening of their kinematic reliability are critical in order to have a realistic reference frame of lithospheric motion relative to the mantle.
There are a number of growing evidences suggesting that the socalled hotspots are rather superficial features, sourced either from the asthenosphere, or the lithosphere base itself (Bonatti 1990; Smith 1993; Smith & Lewis 1999; Anderson 2000) , possibly unrelated to deep mantle sources.
Since most of the hotspots, are steadily located on ridges, rift zones or transform zones, and plate kinematics requires ridges moving relative to the underlying mantle, this means they should be sourced either from the asthenosphere or above it. For example, oceanic ridges are moving one respect to the other, like the Atlantic and Indian ridges, which are moving away from Africa; therefore, 'hotspots' which are persistently located along or close to oceanic ridges (e.g. Azores, Ascension, Tristan da Cuna, Galapagos) cannot be considered fixed. In other words, they are detached from the mantle and they do not represent either a reliable fixed frame for measuring plate motions, or an indication of the movements in the underlying mantle. Therefore, the present HSRF might not be a suitable reference frame for the absolute plate motions representation.
However, the main Pacific hotspots are located within the plate and they appear as unrelated to plate margins dynamics. Moreover, these hotspots are fixed relative to each other (Gripp & Gordon 2002) , and their motion coincides with the direction of the Pacific plate detected at the East Pacific Rise. For these reasons, the Pacific hotspots can be taken as a reference frame for global plate motions computation, what will be considered in Section 6.
As an example, Gripp & Gordon (2002) defined the last hotspot reference frame HS3-NUVEL1A, using eleven segment trends and two volcanic propagation rates as constraints and estimating a set of angular velocities consistent with the relative plate motions model NUVEL1A (DeMets et al. 1990 (DeMets et al. , 1994 .
Since the source depth of hotspots or plumes is under debate , whether hotspots are sourced either from the deep mantle or the asthenosphere, the relative motion between lithosphere and mantle assumes opposite end-member velocities. The slowest decoupling occurs for deep hotspots, whereas the fastest decoupling is for shallow plumes. Therefore, two hotspots reference frames can be described, depending on the source depth of the magmatism. For example, the shallow source model of hotspots located in the middle of the asthenosphere almost doubles the decoupling between lithosphere and subasthenospheric mantle in the Pacific (from 10 to 20 cm yr −1 ), raising the westward drift to a complete polarization (Doglioni et al. 2005 ).
P L AT E M O T I O N K I N E M AT I C M O D E L
The wide use of space geodesy techniques devoted to geophysical and geodynamic purposes has recently evidenced some limitations due to the intrinsic TRF definition. It is noteworthy that current reference frames based on space geodesy techniques (ITRF2000) are defined under hypotheses suited to overcome the rank deficiency of the observations with respect to the parameters that have to be estimated, that is, coordinates and velocities (Dermanis 2001 (Dermanis , 2002 . From a geodetic point of view, one possibility implies the application of the no-net-rotation condition (NNR) (Altamimi et al. 2003) . This condition is realized by aligning the global intertechnique ITRF2000 solutions to the NNR-NUVEL1A model (i.e. by imposing null rotation rate components between ITRF2000 and NNR-NUVEL1A). The application of this condition, besides the known limitations (Dermanis 2002; Altamimi et al. 2003) , has heavy geophysical consequences; in fact, ITRF2000 allows for accurate estimations of relative plate motions only (Altamimi et al. 2003) , whilst any absolute motion (for instance, with respect to the inner layers of the Earth body, in particular the mantle) is not determinable.
In this study, we try to overcome such limitations introduced by the application of the NNRC, starting from a simple global kinematic model in which we introduce the net rotation of the lithosphere with respect to the mantle.
Particularly, we hypothesize that each plate motion may be mainly described by a first-order term, accounting for the net ordered rotation at global scale (represented by an angular velocity vector different from plate to plate), and a second-order term, accounting for possible plate subrotations (Cuffaro et al. 2004) , which is here neglected. First-order plate motion follows an imaginary line representing their main trajectory (tectonic mainstream), according to what discussed in Section 2; this line may allow a simple analytical representation as a low (e.g. third-) order Fourier series in geographic coordinates (ϕ, λ)
The seven parameters in eq.
(1) may be computed starting from the concept of Eulerian equator plane of each plate, which is just the plane orthogonal to plate absolute (w.r.t. the mantle) angular velocity; in a spherical Earth approximation, all absolute angular plate velocities pass through the Earth centre as their correspondent Eulerian equatorial planes (Fig. 3) . If we consider all the plates crossed by the mainstream and the traces of their Eulerian equatorial planes on the sphere (Eulerian equators), the tectonic mainstream line may be regarded as the line globally approximating the Eulerian equators themselves. Therefore, the seven parameters in eq.
(1) may be derived after absolute angular velocities estimation, as described in Section 6. In order to set up the model to perform this estimation, we start from the transformation between two velocity sets (NNR and HSRF), which reads
where V is the absolute (i.e. HSRF), V NNR is the NNR velocity whose components are (V X NNR , V Y NNR , V Z NNR ) and V d is the drag term, due to the net-rotation of lithosphere with respect to the mantle. Let us consider for simplicity P plates with i sites, thus we can expand eq. (2) in terms of the absolute angular velocity ω p and geocentric position r i as
where ω d is the drag angular velocity. We recall that
or, equivalently, separating the ω components,
Hence, the relationship (3) in matricial form becomes
This model explicitly relates plate absolute angular velocities ω p , drag angular velocity ω d (net-rotation angular velocity) and velocity 'observed' by GPS under NNR condition at some selected ITRF2000 sites.
It clearly shows a rank deficiency with respect to the angular velocities in sense that one of them has to be fixed in order to estimate the others, being equal the velocity differences; in particular, it is easy to verify that, if the arbitrary vector
is added to all (plate and drag) absolute angular velocities, the lefthand side of eq. (4) does not change.
On the other hand, we can fix the rank deficiency by introducing suitable additional constraints on the absolute plate angular veloci-
, what may be done under the hypothesis of the existence of a tectonic mainstream representing the first-order absolute plate motions.
These constraints regard:
(1) Continuity of the Eulerian equators, that is, they must connect each others at plate boundaries.
(2) Azimuths of the Eulerian equators at some longitudes, mainly forced by the principal tectonic features.
(3) Attitude (and its precision) of the Pacific plate Eulerian equatorial plane, based on the motion directions (azimuths) of two well-recognized hotspots within the Pacific plate (Hawaii and Society Islands).
(4) Velocities of Hawaii and Society Islands hotspots, based on different hypotheses of their source depths (deep mantle or midasthenosphere).
Continuity of the Eulerian equators
Since the Eulerian equator plane of each plate is orthogonal to plate absolute angular velocity and they cross in the Earth centre, Eulerian equator plane equation in the geocentric Cartesian coordinates system reads
where, in spherical approximation (mean Earth radius R = 6371 km)
This equation is just useful to write down continuity constraints; in fact, at the boundary between plates a and b (ϕ ab , λ ab ) (note that in our model intersection between each plate boundary and plate Eulerian equator is represented by a point) continuity condition states that
or, under the hypothesis (in our case always satisfied) that cos
more useful form the computational point of view; in this respect it has to be underlined that eq. (7a) or the equivalent system (7b) are not linear with respect to the unknown parameters to be estimated (ω
; the necessary approximated values are supplied joining information stemming from geology and space geodesy.
Azimuth constraints on the Eulerian equators
The second kind of constraints interprets an additional geological condition that, in our opinion, must be satisfied: the tectonic mainstream direction must be equal to the mean azimuth α of motion across the largest Earth crust tectonic discontinuities (Gordon 1995; Searle 1986) (Table 1, Fig. 4) , as reported in detail in Section 2.
Therefore, again representing with one point the intersection between the Eulerian equator and a tectonic discontinuity, the second Fig. 4 ). By applying simple geometric considerations, azimuth constraint equation reads
Note that if the discontinuity coincides with a plate boundary, eq. (8) must be satisfied on both sides, that is for both plates a and b Figure 5 . Example of East Pacific Rise plate kinematics; from top to bottom: relative motion, NNR motion, HSRF first solution, HSFR (Hawaii) second solution (after Doglioni et al. 2005). in this case, the two equations constraint both azimuth and continuity at the plate boundary.
Attitude of the Pacific plate Eulerian equatorial plane
The attitude of the Pacific plate Eulerian equatorial plane in terms of absolute angular velocity components ratios (
) may be derived with its approximated uncertainty (angular velocity components ratio standard deviations) by eq. (8), on the basis of the data concerning the motion azimuths of two well-recognized hotspots within the Pacific plate (Hawaii and Society Islands) published in the interesting paper of Gripp & Gordon (2002 , Table 11 ). As regards attitude precision, note that azimuths of the observed trend for these hotspots show the best precision in the whole hotspots set, consequently we prefer to base our present modelling on this conservative choice. Then, recalling eq. (8) and applying covariance propagation law under the hypothesis that angular velocity components ratio are independent, we may write down two equations for Hawaii (superscript H) and Society Islands (superscript S), respectively,
in the two unknowns σ (
Velocities of Hawaii and Society Islands hotspots
Different velocities for Hawaii and Society Islands hotspots with respect to the mantle may be hypothesized on the basis of different source depths. As example, we show in Fig. 5 a simple sketch of the East Pacific Rise (EPR) plate kinematics, where it is easy to observe that the same relative motion may lead to different absolute velocities according to the different hypothesis, NNR, deep and shallow hotspot source depths (Doglioni et al. 2005) . This constraint may be simply given by ω Z component of Pacific plate absolute angular velocity since components ratios (
) with their precisions are already constrained by eq. (8), as above discussed.
K I N E M AT I C PA R A M E T E R S E S T I M AT I O N
Having exploited both the pure rank deficient kinematic model (4) and the constraints (7) and (8) which play a relevant role in the plate and drag absolute angular velocities determination, all the parameters involved in the model (plate and drag absolute angular velocities themselves, together with geographic coordinates of points at plate boundaries where Eulerian equators continuity condition is imposed) may be estimated according to the least-squares principle, starting from approximated values being the model non-linear.
In this respect, the solution was carried out iteratively in a twosteps procedure.
First of all, eqs (8) were written for the six boundaries between plates crossed by tectonic mainstream, plus the mean azimuth of the Hawaii and Society Islands motions; these equations were solved separately from eqs (4), in order to estimate the unknowns plate absolute angular velocity components ratios which fulfill both azimuths and continuity constraints (ω X Z = (
) ac ), starting from approximated values of geographic coordinates of points at plate boundaries where Eulerian equators continuity condition is imposed.
Then pseudo-observation equations on absolute angular velocity components of the form:
are added to eqs (4) to solve the global model, estimating plate and drag absolute angular velocities.
The general (linear) form of the model for the second step reads
where Y o is the pseudo-observation vector, v is the residuals vector, A is the design matrix, x is the parameters vector, C y 0 y 0 is the observations covariance matrix, σ 2 0 is the prior variance of unit weight and Q is the observations cofactor matrix.
As regards the functional model, eqs (4) were written for 28 GPS sites located on major plates (three for Pacific, Eurasia, India, Africa, South America, North America, Australia and Antarctica, two for Nazca and Arabia, the only available on these plates) far from high deformation areas, so that all plates involved has a similar number of sites. The selected sites have long enough coordinate time-series, useful to manage reliable ITRF2000 velocity components. Table 2 shows the list of sites and the corresponding ITRF2000 velocities according to the solution provided by JPL (Heflin et al. 2004) .
Moreover, the pseudo-observation eqs (10) were written for the six plates crossed by tectonic mainstream. Finally, one more pseudoobservation equation on ω Z component of Pacific plate absolute angular velocity is added, constraining this parameter to a value driven by the hypothesis about hotspot source depths (Doglioni et al. 2005) .
As regards the stochastic model, in order to assess both the mean inner precision of the pure kinematic model and the reliability of the selected GPS sites, a preliminary adjustment with ω d = 0 and Q = I was performed; in this respect it has to be recalled that velocity precisions estimated in ITRF2000 realization are overestimated by far (usually of the order of tenths of mm yr −1 ), as discussed in Barzaghi et al. (2004) . The variance of unit weight was re-estimated, resultingσ 0 = 2.8 mm yr −1 , coherently with results in Barzaghi et al. (2004) ; this value was used as prior one into the global estimation procedure. Moreover, eqs (9) supplied the two unknowns:
Then, the full stochastic model was defined, considering all equations independent. For pure kinematic eqs (4), the variance was just set equal toσ 2 0 . For the pseudo-observation equations (10) variance was derived by the well-known variance propagation law, from (11) and accounting both σ (ω Z ) p uncertainties (iteratively estimated for each plate p) and the areas ratio 
in this way we want to take into account that larger plate motions (Forsyth & Uyeda 1975) are likely to follow the first-order net rotation at global scale than narrower (which may experience significant subrotations here not considered), so that absolute angular velocity components ratios (
) derived at first step are as much reliable as wide plate is. Finally, ω Z for the Pacific plate was just fixed by a suitable high weight. 
P L AT E K I N E M AT I C S O L U T I O N S A N D A N A LY T I C A L R E P R E S E N TAT I O N O F T H E T E C T O N I C M A I N S T R E A M
As mentioned above, different hypotheses about the Pacific plate ω Z component were considered, leading to the following three absolute plate kinematic solutions (Figs 6, 7 and 8; Tables 3 and 4) .
(1) Gripp and Gordon 'style' solution (GGS) : The absolute angular velocity component ω Z of the Pacific plate is chosen so that the prior maximum velocity within the Pacific plate (velocity along the Eulerian equator) is the same as in Gripp & Gordon (2002) , about 11.2 cm yr −1 . Note that the posterior maximum velocity (Table 3 ) is slightly different since the uncertainties of the absolute angular velocity component ratios of the Pacific plate ( absolute angular velocity component ratios. This solution fulfils the global test on the model, in a Gaussian error fashion, with respect to the prior valueσ 0 = 2.3 mm yr −1 at the 95 per cent significance level
where r is the redundancy of the least-square problem (r = 70) at the 95 per cent significance level and (σ 0GM ) GGS = 2.47 mm yr −1 . In terms of agreement between the overall solution and the azimuth constraints, the weighted RMSE of the estimated azimuth with respect to the a priori chosen results WRMSE (α) GGS = 4.68 (Table 3) ; note that WRMSE is adimensional: each residual between prior and estimated azimuth is weighted with the inverse of its variance.
(2) 15 cm yr −1 solution (S15): In this case ω Z is chosen so that the maximum velocity within the Pacific plate is 15 cm yr estimated standard deviation of unit weight of the global modelσ 0GM is (σ 0GM ) 15S = 2.33 mm yr −1 and obviously fulfils the global test on the model too. In terms of agreement between the overall solution and the azimuth constraints, the weighted RMSE of the estimated azimuth with respect to the a priori chosen results WRMSE (α) 15S = 2.25 (Table 3) .
(3) 20 cm yr −1 solution (S20): In this case ω Z is chosen so that the maximum velocity within the Pacific plate is 20 cm yr −1 ; the estimated standard deviation of unit weight of the global modelσ 0GM is (σ 0GM ) 20S = 2.18 mm yr −1 ; in terms of agreement between the overall solution and the azimuth constraints, the weighted RMSE of the estimated azimuth with respect to the a priori chosen results WRMSE (α) 20S = 1.95 (Table 3) .
Comparing these solutions, some remarks may be drawn. Even if all solutions fulfil the global test on the model, it is clearly evident that S15 and S20 exhibit a finer agreement with the geological constraints (azimuths, Eulerian equators continuity, attitude of the Pacific plate Eulerian equator). In this respect, it is also evident that S15 and S20 are quite similar, even if the Pacific plate maximum velocity difference between them (5 cm yr −1 ) is about 1.5 larger than between GGS and S15 (3.8 cm yr −1 ). Therefore, the agree- ment between space geodesy solution and geological constraints seems require that Pacific plate be faster than derived in Gripp & Gordon (2002) . In the same time, since solutions with faster and faster Pacific plate does not differ significantly as regards the agreement between space geodesy solution and geological constraints, it is not possible to clearly assess an upper limit for the Pacific plate velocity and for the derived plate kinematics uniquely on their basis; in fact, it is possible to retrieve other quite similar solutions with higher maximum Pacific plate velocity, but here only the S20, as hypothesized in Doglioni et al. (2005) , and the intermediate S15 are discussed. The main differences between GGS and S15/S20 regard the Indian and Nazca plates. In GGS at their plate boundaries significant discontinuities of the Eulerian equators are still present in latitude. In fact, if we take into account that 26
• is the mean latitude discontinuity at the plate boundaries, for Nazca plate we have 25
• and 41
• with respect to South American and Pacific plates, respectively and for Indian plate we have 79
• and 73
• with respect to Eurasian and African plates respectively. Moreover, in GGS the Nazca plate moves essentially eastward, different form all other plates and the other solutions (Figs 6a, b and c). Remarkable differences are also found for the estimated net rotations, in terms of maximum Table 4 : Plate rotation poles and angular velocity module. tangential velocities reaching 4.1 cm yr −1 for GGS, 8.0 cm yr −1 for S15 and 13.4 cm yr −1 for S20 (Table 3 ). The net rotation poles for S15 and S20 are located quite close (approximately 450 km apart), whilst GGS net rotation pole is about 800 km from S15 pole (Table 4 , Figs 8a, b and c).
In this sense, the hypothesis of the ordered lithospheric flow, according to which all plates move westward ( Fig. 6 b and c) , results to match better with the geological constraints, well agreeing with higher velocities and shallower asthenospheric source for the Hawaii and Society hotspot sources.
On the other hand, it is evident that at the boundaries of India and Nazca plates the continuity condition of the Eulerian equations fails, suggesting both these plates may experience significant subrotations here not considered and to reconsider the reliability of their ITRF2000 sites included into our analysis (Heflin et al. 2004) . In this respect, two of the three considered Indian sites (BAN2 and IISC) are quite close (about 5 km apart) so that they act as a unique site; therefore, both India and Nazca plate kinematics are geodetically constrained by a minimum number of sites; moreover, doubts about ITRF2000 solution for EISL site on Nazca plate were recently proposed (Kendrick et al. 2003) .
In order to define analytically the global lithospheric flow both according to the tectonic mainstream definition of eq. (1) (Section 4) and on the basis of the three considered solutions, the coordinates of the continuity condition points at plate boundaries were estimated as weighted mean of their values on both sides (squared areas ratio ( A p A PA ) 2 used as weights, Schettino (1999) ) together their precisions. Then, the seven parameters (Fourier's coefficients) were preliminary least-squared estimated and tested against their precisions to assess their significance; finally, only significant parameters were estimated with their precisions, in order to define the 1σ latitude confidence interval of the tectonic mainstream for each solution (Figs 7a and b) .
The mean precisions are 7.3
• and 6.8
• for GGS and S15/S20 respectively, corresponding to about 750-800 km of uncertainty in latitude (Table 5 , bottom). Consequently, the best tectonic mainstream representation is band shaped, within this area the largest tangential motions occur (Figs 7a and b) . Moreover, it is worthwhile to note that:
(i) For all the solutions a 0 is not significant ( Table 5 ), so that mean latitude of the tectonic mainstream is zero.
(ii) For GGS the significant parameters are a 1 , b 1 , b 2 , whilst for S15 and S20 the only significant parameters are a 1 , b 1 (latitude (Nazca, Cocos, Juan de Fuca) still move eastward relative to the mantle. Assuming faster Pacific motions as the asthenospheric source of the hotspots would allow, the net rotation increases to a complete polarization in the remaining 2 solutions (S15 and S20), which match remarkably better with the geological constraints (Table 3) . Moreover, for S15 and S20 the analytical expressions of the tectonic mainstreams are remarkably simpler than hypothesized, just reducing to a first-order sinusoid in longitude, quite close to the corresponding net-rotation equators. The shear wave splitting technique (e.g. Savage 1999 ) is an independent tool for detecting the seismic anisotropy in the asthenosphere, that is considered the preferential orientation of olivine crystals in a sheared flowing mantle (Silver & Holt 2002) . The direction of the anisotropy of between lithosphere and underlying mantle (e.g. Fischer et al. 1998; Montagner 2002 ) aligns quite consistently with the absolute plate motions reconstructions, apart along subduction zones or other mantle anomalies.
Nevertheless, since solutions with faster and faster Pacific plate does not differ significantly as regards the agreement between space geodesy solution and geological constraints, it is not possible to assess an upper limit for the Pacific plate velocity and for the derived plates kinematic on their basis, and additional hypotheses should be introduced.
In this respect, even if the occurrence of a westerly polarized lithosphere motion cannot be considered at present a controversial phenomenon (Ricard et al. 1991; Gripp & Gordon 2002 , and reference therein, this paper), we feel that its origin is not yet completely clear, because it may be due to different combined effects hard to separate. As previously noted, a mean lithospheric rotation rather than a global phenomenon has been so far preferred (e.g. Ricard et al. 1991) because it preserves the angular momentum of the Earth without rapidly decelerating its rotation speed. However, it has recently been shown (Scoppola et al. 2006 ) that a global lithospheric rotation is physically feasible, although at variable velocities among the different plates. According to this recent model (Scoppola et al. 2006) , plate tectonics would occur with the combination of a rotating planet under tidal torque, efficient internal convection, and lateral viscosity variations at the lithosphere-mantle interface where are supposed to occur thin hydrate layers with very low viscosity. The viscosity of the upper asthenosphere is still unknown, but the effective viscosity should be about 1000 times lower when measured for a horizontal shear with respect to vertical loading as simulated in classical postglacial rebound studies (e.g. Scoppola et al. 2006) . Moreover, new petrological and geophysical evidences are emerging of a very low viscosity between 100-150 km at the lithosphere base, in the low velocity zone (LVZ) representing the upper asthenosphere (e.g. Panza 1980; Hirth & Kohlstedt 1996; Holtzman et al. 2003; Rychert et al. 2005; Thybo 2006 ). This layer is usually neglected and considered as a whole with the underlying higher viscosity lower asthenosphere. Although we do not want to force the reader to accept the faster kinematic models (S15 and S20), which may be refined in further investigations, we underline that a global net rotation is more coherent with the geological and geophysical asymmetries which support more a complete rotation of the lithosphere rather than only a mean rotation.
About the tidal role, a evidence is that the latitude range of the estimated tectonic mainstream is about the same of the Moon maximum declination range (±28
• ) during the nutation period (≈18.6 yr). Further indications come from the fact that the induced geopotential variations and the solid Earth tide modeling (McCarthy & Petit 2004) generate maximum amplitudes of the Earth bulges (≈30 cm) propagating progressively within the same latitude range (Biagi et al. 2005) . In particular, the track of the semi-diurnal bulge crest is about directed from E to W, as small circles moving from latitudes 28
• to 18
• , when the Moon moves from maximum to minimum declinations (the same happens at negative latitudes for the opposite bulge), thus suggesting a role of rotational and tidal drag effects (Bostrom 1971) For the next future, two different problems have to be faced such as:
(i) The discussion about the relationships between the plate motions model and future realization of TRF.
(ii) The investigation about the physical phenomena, possibly astronomical, triggering the form of plates stream and, therefore, of the tectonic mainstream. Moreover, possible model enhancement (with particular concern to the lithospheric net rotation estimate) considering different source depths (thus different velocities for fixed surface tracks) for additional reliable hotspots have to be exploited.
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